Abstract-An amorphous-nanocrystalline Gd 2 O 3 powder with a specific surface area of 155 m 2 /g has been prepared using pulsed electron beam evaporation in vacuum. The nanopowder consists of 20 to 500 nm agglomerates formed by crystalline nanoparticles (3-12 nm in diameter) connected by amorphous-nanoc rystalline strands. At room temperature, the Gd 2 O 3 nanopowder exhibits a paramagnetic behavior. The phase transformations occurring in the powder have been investigated using differential scanning calorimetry and thermogravimetry (40-1400°C). The amorphous phase of the nanopowder is thermally stable up to a tem perature of 1080°C. It has been found that the amorphous phase has an inhibitory effect on the temperature of the polymorphic transformation from the cubic phase into the monoclinic phase. It has been revealed that, compared with the microcrystalline powder, the Gd 2 O 3 nanopowder is characterized by a complete quench ing of photoluminescence.
INTRODUCTION
Increased interest in the synthesis of gadolinium oxide (Gd 2 O 3 ) nanoparticles and in the study of their properties is associated with the prospect for the use of these materials in medical diagnostics as multimodal contrast agents in the ultrasound and magnetic reso nance imaging (MRI) and computed tomography with the aim of achieving therapeutic effects in radio therapy and Gd neutron capture therapy of cancer, biomedicine for labeling cells, fluorescence micros copy, microelectronics, and spintronics [1] [2] [3] [4] [5] [6] [7] .
The dependence of physical properties on the size opens the way for various applications of Gd 2 O 3 nano particles as protective and corrosive resistant coatings, active additives for the low temperature synthesis of ceramics, grain growth inhibitors, and phase stabiliz ers, as well as in optics (antireflective coatings, thin films for ultraviolet lasers), X ray imaging systems, sensors, nuclear engineering, and other fields of sci ence and technology [8] [9] [10] .
Currently, the MTI method has most commonly used paramagnetic contrast agents based on gadolin ium chelates [11] . However, because of the well known toxicity of Gd 3+ ions [12] and recent reports on the development of nephrogenic systemic fibrosis when using gadolinium chelates [2, 13] , it has become more attractive to search for new contrast agents based on biocompatible and inert oxides, for example, oxides of gadolinium, iron, manganese, chromium, etc.
Gadolinium oxide nanoparticles, suitable for the use in the MRI method, have been prepared by differ ent methods, such as the sol-gel method [14] , micro emulsion method [15] , colloidal solution method [16] , etc. Moreover, ultrafine Gd 2 O 3 particles (1-3 nm in size) have been prepared by the most widely used low efficient multistage complex method of col loid chemistry-the polyol method [17] [18] [19] . In addi tion, the final stage of the preparation of aqueous sus pensions of contrast agents from Gd 2 O 3 nanoparticles obtained by the polyol method includes the long term procedure of the preliminary dialysis. New no polyol methods of synthesizing Gd 2 O 3 nanoparticles are also being developed [20] .
Despite the above problems with the preparation of Gd 2 O 3 nanoparticles, the investigations of the proper ties of ultrafine Gd 2 O 3 paramagnetic crystals synthe sized by the polyol method have demonstrated the prospect of using these materials for preclinical diag nosis of the major types of cancer [21, 22] . In particu lar, ultrafine Gd 2 ), and the ratio of the spin-spin relax ation r 2 to the longitudinal spin relaxation r 1 near the Gd 2 O 3 nanoparticles is r 2 /r 1 1, which corresponds to the ideal ratio for positive contrast agents in the MRI method.
For the purpose to decrease the toxicity of Gd 2 O 3 nanoparticles and their aggregation in aqueous sus pensions, as well as to enhance contrasting properties, extensive investigations have been performed on Gd 2 O 3 nanoparticles covered with shells of various organic (polyethylene glycol [23] , dextran [24] , pol ysiloxane [25] , diethylene glycol [26] ) and inorganic (Gd 2 O 3 /SiO 2 [15] ) substances. In particular, McDonald and Watkin [27] observed that small Gd 2 O 3 nanoparticles encapsulated in spherical albumin par ticles provided a better contrast than free Gd 2 O 3 parti cles and, in strong magnetic fields, retained their con trasting properties despite the observations of weaken ing these properties in other contrast agents [28] .
At room temperature, the paramagnetic state is typical of Gd 2 O 3 nanoparticles [16, 29, 30] . However, composite nanoparticles based on Gd 2 O 3 exhibit vari ous magnetic properties.
For example, superparamagnetic hollow and para magnetic mesoporous spherical Gd 2 O 3 nanoparticles with a diameter of less than 200 nm, which were syn thesized by the sol-gel process and deposition of a pre cursor upon evaporation of the solvent onto the gelatin template [14] , demonstrated a good rate of relaxation at low Gd concentrations and a low toxicity. The super paramagnetism discovered in hollow Gd 2 O 3 nano spheres was related by Huang et al. [14] to the presence of carbone residues on the nanoparticle surface.
Amorphous Gd 2 O 3 nanoparticles coated with a SiO 2 shell (microemulsion method [15] ) are charac terized by a ferromagnetic behavior at room tempera ture (the hysteresis loop parameters are as follows: the saturation magnetization in a magnetic field of ±10 kOe is 0.28 emu/g, and the coercivity is 70 ± 5 Oe). The ferromagnetic properties of core-shell [35] ) increased our interest in the study of the magnetic properties of Gd 2 O 3 nano particles obtained by pulsed electron beam evapora tion. According to Sundaresan et al. [33] , the origin of ferromagnetism in inorganic nanoparticles can be associated with the exchange interactions between localized electron spin moments resulting from oxy gen vacancies on the surfaces of nanoparticles; more over, it was suggested that this type of ferromagnetism is caused by surface defects and is a universal charac teristic of any inorganic nanoparticles.
At present, it has been well established that there is a correlation of ferromagnetism in undoped oxides with their low crystalline quality, grain boundaries, stresses, and nonequilibrium point defects (oxygen vacancies, interstitial defects, cation vacancies, etc.) [36] .
The discovery of d 0 ferromagnetism has changed the point of view of many researchers on the role of dopants, namely, magnetic 3d metals, in the formation of ferromagnetism in semiconducting and insulating oxides [33, [37] [38] [39] [40] . In particular, Sundaresan et al. [33] and Tietze et al. [39] have argued that defects in oxides are responsible for the origin of magnetism. Straumal et al. [40] revealed a correlation between the magnetization and the volume of grain boundaries in undoped and Mn doped zinc oxides. In some works, it has been shown [36, 41] that the origin of ferromag netism can be associated with the film-substrate interface and the developed surface. In a number of studies [35, 36, 42] , the authors observed reversible ferromagnetic-diamagnetic-ferromagnetic transfor mations due to the annealing of micro and nanome ter sized oxide particles in the reduction and oxida tion media. It is obvious that the violation of the sto ichiometry due to the formation of vacancies in the oxygen sublattice is one of the major causes for the appearance of ferromagnetism at room temperature in oxides annealed under vacuum [43] .
Therefore, it was of interest to investigate the mag netic properties at room temperature in Gd 2 O 3 nano particles produced by pulsed electron beam evapora tion [44] . The high temperature of the evaporated nanoparticles (the temperature in the evaporation zone at the target surface is (5-6) × 10
3°C
) and their rapid quenching during the deposition on a cold glass substrate make it possible to obtain amorphous Gd 2 O 3 nanoparticles whose properties have not been ade quately investigated. It was interesting to elucidate the influence of Fe impurities on the magnetic properties of Gd 2 O 3 nanoparticles from the viewpoint of the authors of [33, [37] [38] [39] [40] .
The purpose of this work was to obtain Gd 2 O 3 nanoparticles by means of pulsed electron beam evap oration and to investigate their structural, magnetic, and luminescent properties in order to evaluate the possibilities for further applications of nanoparticles as contrast agents in the MRI method.
SAMPLE PREPARATION AND EXPERIMENTAL TECHNIQUE
Nanopowders of gadolinium oxide Gd 2 O 3 were prepared by sputtering of ceramic targets in a vacuum (at a residual pressure of 4 Pa) using pulsed electron beam evaporation on the NANOBIM 2 installation [44] . Targets in the form of round disks with a diameter of 60 mm and a height of 20 mm were obtained by sin tering of pressed pellets from a micron powder of gad olinium(III) oxide (99.9% Gd) (REO, China) in air at a temperature of 1100°C for 1 h. In accordance with the certificate, the content of impurities of rare earth oxides in the powder was less than 50 ppm, and the iron content was less than 6 ppm. The electron energy was 40 keV, the electron beam pulse energy was 1.8 J, the pulse duration was 100 μs, and the pulse repetition rate was 100-200 Hz. The deposition of nanoparticles was performed on 4 mm thick window glass substrates with a large surface area, which were arranged around the target.
The properties of the nanopowders were investigated using the following methods of diagnostics. The chem ical analysis was carried out using the inductively cou pled plasma (ICP) method on an iCAP 6300 Duo spec trometer and atomic absorption spectroscopy (AAS) on a Perkin Elmer spectrometer. The specific surface area of the powder (S ssa ) was determined by the BrunauerEmmett-Taylor (BET) method on a Micromeritics TriStar 3000 gas adsorption analyzer after degassing of the test material in a vacuum at a temperature of 300°C for 1 h. The X ray powder diffraction (XRD) analysis was performed on a Shimadzu XRD 7000 (Japan) dif fractometer. The microscopic analysis of the nanopow ders was carried out on a JEOL JEM 2100 transmission electron microscope. The magnetic measurements were made on a Cryogenic CFS 9T CVTI vibrating sample magnetometer at a temperature of 300 K and in magnetic fields of ±1 T. The thermal analysis the Gd 2 O 3 nanopowder was performed on a NETZSCH STA 409 thermal analyzer using thermogravimetry (TG) and dif ferential scanning calorimetry (DSC). The photolumi nescence spectra were recorded on an MDR 204 monochromator. The IR spectra were measured on a Perkin Elmer Spectrum One FT IR spectrometer (powders suspended in vaseline oil) in the frequency range 400-1000 cm -1 .
RESULTS AND DISCUSSION
The Gd 2 O 3 nanopowder obtained by pulsed elec tron beam evaporation for 1 h in a vacuum was white in color with a grayish tinge. The specific surface area S ssa of the nanopowder was 155 m 2 /g. This value is considerably larger than the value of S ssa for the crys talline nanopowder (15.6 m 2 /g) consisting of quasi spherical nanoparticles with an average size of 54 nm, which was obtained by continuous electron beam evaporation [45] at atmospheric pressure. The nano particle size calculated according to the formula d BET = 6/ρS ssa in the spherical particle shape approxi mation (for the Gd 2 O 3 density ρ = 7.618 g/cm 3 ) was 5 nm. The contents of magnetic iron impurities in the nanopowder, according to the ICP and AAS data, were less than 0.02 and 0.01 wt %, respectively. The X ray diffraction patterns of the Gd 2 O 3 nanop owder samples before and after annealing in air at a temperature of 1100°C for 1 h are shown in Fig. 1 . After annealing, the nanopowder became bright white in color and markedly decreased in volume.
Before annealing (Fig. 1, curve 1) , the sample was X ray amorphous (with a crystallinity of less than 5%). After annealing (Fig. 1, curve 2) , the sample became entirely crystalline. The annealed powder had a cubic crystal lattice with the unit cell parameter a = 10.8269 ± 9 Å (calculated from 15 independent lines at angles 2θ = 60°-90°). We note a small increase in the unit cell parameter of the annealed sample as com pared to the reference sample (a = 10.814 Å, Card 10 797 JCPDS), which indicates a partial preservation of the lattice strain of Gd 2 O 3 after annealing. Figure 2 shows the transmission electron micros copy images of the Gd 2 O 3 nanopowder with low reso lution (TEM) and high resolution (HR TEM). The overall morphological pattern of the Gd 2 O 3 nanopow der is typical of the majority of oxide nanopowders produced by pulsed electron beam evaporation. The nanopowder consists of agglomerates with sizes rang ing from 20 to 500 nm (Figs. 2a, 2b) . The "foam like" agglomerate shown in Fig. 2a (and framed in Fig. 2b ) contains crystalline spherical nanoparticles with a diameter of approximately 3-12 nm. Spherical nano particles are connected by strands (bridges) of arbi trary shape and length. It should be noted that the Gd 2 O 3 nanopowder obtained by continuous electron beam evaporation at atmospheric pressure (Fig. 2c [45] ) has a morphological pattern (including chains of spher ical nanoparticles with sizes up to 200 nm and an average nanoparticle size of 54 nm) similar to that of our nanop owder. However, spherical nanoparticles obtained in [45] do not form extended strands as in our case.
The examination of the structure of strands (bridges) in Gd 2 O 3 nanopowders has revealed that the strands are chains consisting of smaller sized nanocrystals (with a diameter of ~3-7 nm) connected by amorphous bridges with a clearly observed periodicity in alternation of crystalline (C) and amorphous (A) regions through out the entire strand length (Fig. 2e) . Individual agglomerates (Fig. 2d) contain a significant number of core-shell nanoparticles (with a crystalline core and an amorphous shell). The thickness of the shells varies in the range ~2-5 nm, and the total size of the core-shell structures (~12-20 nm) is somewhat larger than that of nanoparticles without shells. In many of the core-shell nanoparticles, the crystalline core is incompletely cov ered by the amorphous shell. The Gd 2 O 3 nanoparticles also contain a large number of structural defects of dif ferent types (twins, lattice distortions, point defects, etc.), as can be seen from Fig. 2f .
Thus, the electron microscopic investigations have demonstrated that the Gd 2 O 3 nanopowder is not purely amorphous, as was shown by the X ray diffrac tion analysis, but, it is actually an amorphous-nanoc rystalline powder. The absence of reflections in the X ray diffraction pattern of the Gd 2 O 3 nanopowder (Fig. 1, curve 1) is not surprising, because it is known [46] that, when the size of Gd 2 O 3 nanoparticles is less than 5 nm, no reflections from crystalline phases in X ray diffraction patterns are observed.
Significantly, the investigation of the influence exerted by the aggregation of Gd 2 O 3 nanopowders on their contrasting properties (MRI) showed [22] that the aggregation does not significantly decrease the parameters of the contrast. This also gives hope for the successful application of our nanopowders as contrast agents in the MRI method, especially since there is a possibility to disaggregate the nanopowders with the use of different polymeric shells on the surface of the nanoparticles. In addition, the high porosity of the agglomerates of Gd 2 O 3 nanopowders can be used for drug delivery through filling the pores. Static magnetic susceptibility χ of nanocrystalline and micro crystalline powders of Gd 2 powder (charge) on the magnetic field in the range ±1 T are shown in Fig. 3 . The powders were characterized by a paramagnetic behavior. The calculated values of the static magnetic susceptibility χ of the initial and nanometer sized sam ples are presented in the table. The magnetic suscepti bility of the microcrystalline sample is in satisfactory agreement with the reference data. As compared with the initial powder, the nanopowder has a lower value of the magnetization (susceptibility). The magnetization as a function of the magnetic field in both cases is a strictly linear function, which indicates the absence of magnetic order in the samples. It is known that a change in the type of structural order is inevitably reflected in the character of the intramolecular electro static field (the Weiss field) and the exchange interac tion; therefore, the observed difference (decrease) between the magnetization of the amorphous nanopo wder and the value typical of the microcrystalline pow der is quite expected. The changes in the magnetiza tion of the nanoparticles can also be caused by the influence of the size factor and surface effects.
Thus, the magnetic measurements have demon strated that the Gd 2 O 3 nanoparticles produced by pulsed electron beam evaporation do not exhibit d 0 ferromagnetism. However, this observation does not refute the suggestion made by Sundaresan et al. [33] regarding the universality of ferromagnetism at room temperature in inorganic nanoparticles in the presence of oxygen vacancies on the nanoparticle surfaces. As will be shown below (TG analysis data), the concentra tion of oxygen vacancies in the Gd 2 O 3 nanopowder obtained by pulsed electron beam evaporation is extremely low. This is confirmed by the fact that, in the TG curve measured during the dynamic heating to a temperature of 1400°C, there is no increase in the mass of the nanopowder. In the presence of oxygen vacan cies on the surface of nanoparticles, the reverse picture should be observed, i.e., an increase in the mass of the sample. It should be noted that, in the Gd 2 O 3 nanopo wder, despite the negligible content of oxygen vacan cies, there is a significant number of defects that have a different nature (Fig. 2d) , but, which, however, did not lead to the appearance of a ferromagnetic response in the nanopowder. The large number of core-shell nanoparticles and interlayers of the amorphous phase in the nanopowder (Figs. 2b, 2c ) also did not induce a ferromagnetic response. Therefore, the absence of d 0 ferromagnetism in the Gd 2 O 3 nanoparticles indicates an extremely important role of oxygen vacancies in the formation of ferromagnetism at room temperature in inorganic nanoparticles in the complete agreement with the hypothesis advanced in [33] .
It is worth noting that, in the previously studied nanopowders of ZnO, ZnO-Zn, ZnO-Cu [48, 49] [52] , ZnS, ZnS-Al [53] , in which the content of magnetic Fe impurities (≤10 ⎯2 wt %) was comparable to the Fe content in the Gd 2 O 3 nanopowder (12 × 10 -2 wt %), we revealed a significant ferromagnetic response. In contrast to the Gd 2 O 3 nanopowder, the majority of the aforemen tioned nanopowders contained oxygen vacancies, which was confirmed by the increase in the mass of the sample (TG analysis in air). Figure 4 shows the IR spectra of the amorphous nanopowder and microcrystalline powder (charge) of Gd 2 O 3 . The investigation of the optical properties of the Gd 2 O 3 nanopowder has revealed the following fea tures. In the IR spectrum of the Gd 2 O 3 nanopowder, there are broadened bands, because the nanopowder adsorbed water and carbon compounds. The band at 545 cm -1 , which corresponds to the Gd-O bond vibrations, almost completely disappeared. The intrinsic emission from the Gd 2 O 3 powder target rep resents a broad spectrum with the maximum at a wave length of ~456.34 nm. The emission is caused by charge transfer in Gd polyhedra. The separate peaks observed in the emission curve with flat maxima are probably attributed to the electron-vibration interac tions in the Gd polyhedra.
The photoluminescence spectra of the amorphous nanopowder and microcrystalline powder (charge) of Gd 2 O 3 are shown in Fig. 5 . It can be seen from this fig ure that there is no intrinsic luminescence of the Gd 2 O 3 nanopowder in the excitation region 220-300 nm ( ), which is probably due to the change of chemical bonds in the Gd polyhedra. At the same time, there is a complete quenching of the lumines cence of the nanopowder at the wavelength λ max = 456 nm, which is probably caused by the significant difference between the equilibrium Gd-O distances in the microcrystalline and nanocrystalline powders. In the framework of the configuration-coordination model, this difference is responsible for the nonradia tive return of the optical centers to the ground state. It should be noted that the study of fluorescence of the ceramics (grain size 20-25 μm) sintered from the crystalline Gd 2 O 3 nanopowder obtained by continuous electron beam evaporation [45] also showed that the radiation with a wavelength of 248 nm excites in the Gd 2 O 3 ceramics only a weak reddish luminescence that is insufficient to observe the fluorescence spectrum.
After isothermal annealing in air at a temperature of 1100°C for 1 h, as was shown above (Fig. 1) , the amorphous Gd 2 O 3 nanopowder completely trans formed into the cubic phase, which is well consistent with the data reported in [54] on the formation of a cubic phase due to the isothermal annealing (at 1000°C for 6-7 h, at 1300°C for 1-2 h). Figure 6 shows the DSC-TG heating/cooling thermograms of the Gd 2 O 3 nanopowder measured in the temperature range 40-1400°C in air.
The heating/cooling rate of the sample was 10°C/min. It can be seen that, in the DSC heating curve, there are four thermal peaks (denoted by numerals 1-4 in Fig. 6 ). Endothermic peak 1 at low temperatures is caused by the evaporation of adsorbed water from the surface of the nanopowder. The mass spectrum of H 2 O and kink I in the TG curve indicate that the evaporation of the greater part of H 2 O mole cules occurs during heating of the sample to a temper ature of ~230°C. Extended exothermic peak 2 in the temperature range 230-1025°C is caused by the annealing of unknown carbon compounds adsorbed on the developed surface of the nanopowder. The main part of the organic molecules is removed from the sample by heating to a temperature of approximately 800°C. This is indicated by the sharp decrease in the mass of the sample (kink II in the TG curve in the tem perature range 230-800°C) and the mass spectrum of CO 2 . The carbon molecules completely evaporate from the sample during heating to a temperature of approximately 1080°C, which is consistent with the data presented in [55] , where the removal of organic compounds was observed upon heating the Gd 2 O 3 nanopowder to a temperature of 1000°C.
The crystallization of the amorphous phase of the nanopowder begins with the temperature of approxi mately 1080°C (exothermic peak 3 in the DSC curve) and ends at the temperature of approximately 1300°C. The heat contribution from the crystallization of the amorphous phase to the Gd 2 O 3 cubic phase is found to be rather large (160.3 kJ/mol). It should be noted that the transformation of the amorphous phase of the Gd 2 O 3 nanopowder (sol-gel method [55] ) into the cubic phase was observed at a lower temperature of 650°C. This confirms that the phase transformations in rare earth oxides depend on the method used for their preparation.
Exothermic peak 4 on the DSC curve at 1300°C corresponds to the polymorphic transformation from the Gd 2 O 3 cubic phase (C) into the monoclinic phase (B) and agrees with the data available in the literature, according which this polymorphic transformation occurs with the heat release [54] . In this case, the equi librium temperature of the polymorphic transforma tion is slightly lower and equal to 1152°C (1425 K) [56] . The enthalpy of the phase transformation C B in the sample is equal to 75.6 kJ/mol and signifi cantly (by an order of magnitude) exceeds the corre sponding enthalpy for the bulk sample of Gd 2 (5.3 kJ/mol at T = 1561 K), which was measured by the DSC method in [57] . We also note a nearly twofold excess of the heat release in the crystallization of the amorphous phase (160.3 kJ/mol) as compared to the enthalpy of the phase transition C B (75.6 kJ/mol). The increased heat release in the crystallization of the amorphous phase and in the phase transition C B, as compared to the corresponding equilibrium parame ters [56] , can be explained by the influence of the size factor. The effect of significant energy storage by nano particles was demonstrated in [58, 59] . An increase in the temperature of the transformation C B to 1300°C during the phase transformation of the amor phous nanopowder with respect to the equilibrium transformation temperature (1152°C) [56] is most likely caused by the inhibitory effect of the amorphous phase on the transformation temperature.
It can be seen from the DSC cooling curve (Fig. 6b ) that the phase transformation C B is reversible, which is indicated by the intense endothermic peak observed at approximately 1250°C in the reaction B C. A slight supercooling of the sample (bỹ 50°C) is most likely caused by the high cooling rate of the sample (10°C/min) and the slow kinetics of the polymorphic transformation B C; therefore, the temperature of 1250°C cannot be used to determine the onset temperature of the transformation B C.
The heating to a temperature of 1400°C (the TG curve in Fig. 6a ) leads to a significant decrease in the mass of the sample (24.4%) due to the evaporation of water and organic carbon from the surface of Gd 2 O 3 nanoparticles. The adsorption of water and organic molecules on the surface of Gd 2 O 3 nanoparticles could occur both directly during the deposition of nanoparticles in the evaporation chamber because of the high residual pressure (4 Pa) and after the removal of the sample from the chamber due to the capture of water vapors and organic molecules from the sur rounding atmosphere by the highly developed surface of the nanoparticles. There is an obvious need to cre ate the appropriate conditions for preventing contam ination of the material with organic compounds both in the processes of production/extraction of the mate rial and in its further storage. A continuous decrease in the mass of the sample during heating (the TG curve in Fig. 6a) indicates a low content of oxygen vacancies in amorphous Gd 2 O 3 ; otherwise, the annealing would lead to an increase in the mass of the sample.
Thus, the DSC-TG analysis has revealed that the amorphous phase Gd 2 O 3 retains the thermal stability to a sufficiently high temperature (~1080°C) and completely transforms into the cubic phase at 1300°C. The high thermal stability of the amorphous phase indicates the prospects for its possible use in various high temperature applications.
CONCLUSIONS
An amorphous-nanocrystalline Gd 2 O 3 powder with the specific surface area S ssa = 155 m 2 /g has been prepared using pulsed electron beam evaporation in vacuum. According to the IR and mass spectrometry data, significant adsorption of carbon occurs on the developed surface of the nanopowder (the sample loses 24% of the initial mass due to the removal of vol atile compounds during heating to 1400°C).
The nanopowder consists of agglomerates (~20-500 nm in size) formed by perfect spherical nanopar ticles (3-12 nm in diameter) connected by amor phous-nanocrystalline strands. The nanopowder contains a large number of structural defects of differ ent types. After isothermal annealing in air for 1 h at a temperature of 1100°C, the nanopowder completely transforms into the Gd 2 O 3 cubic phase.
During dynamic heating (DSC) to 1400°C, the amorphous phase in the nanopowder crystallizes (1080°C) into the Gd 2 O 3 cubic modification, which then transforms into the monoclinic modification at a temperature of 1300°C. An increase in the tempera ture of the beginning of the phase transition C B bỹ 150°C, as compared with the equilibrium tempera ture of the transition in the bulk powder, is most likely associated with the inhibitory effect of the amorphous phase on the phase transition temperature. During cooling of the nanopowder, the reverse polymorphic transformation B C occurs at a temperature of approximately 1250°C.
The magnetic measurements showed that the nan opowder exhibits a paramagnetic behavior typical of bulk Gd 2 O 3 . A small decrease in the magnetization of the nanopowder, as compared to microparticles, can be explained by the influence of the size effect on the magnetization; no d 0 ferromagnetism in the Gd 2 O 3 nanopowder was found. The probable cause for the absence of d 0 ferromagnetism is the low concentration of oxygen vacancies in the nanopowder.
The complete quenching of the photolumines cence in the Gd 2 O 3 nanopowder was observed at the wavelength λ max = 456 nm.
The high thermal stability (1080°C), small sizes (3-12 nm) and paramagnetic properties of Gd 2 O 3 nanoparticles, strong adsorption of carbon molecules, and high specific surface area of the nanopowder indi cate that the amorphous-nanocrystalline Gd 2 O 3 powders obtained by pulsed electron beam evapora tion are promising materials for the use as contrast agents in magnetic resonance imaging, acoustic imag ing, and Gd neutron capture therapy in medicine, car bon sensors, and many other applications.
